Aims To examine the relationship of blood pressure (BP) and BP progression with the subsequent development of type 2 diabetes.
Introduction
The incidence of type 2 diabetes is increasing rapidly, 1 and a recent study suggested that elevated blood glucose levels are a leading cause of cardiovascular morbidity and mortality worldwide. 2 Similar findings have been reported for blood pressure (BP) and hypertension. 3 As part of the metabolic syndrome, hypertension and diabetes are closely associated with obesity and frequently occur together in an individual. [4] [5] [6] Despite this close relationship between hypertension and type 2 diabetes, little information exists on the relationship of BP levels with the subsequent development of type 2 diabetes. The metabolic syndrome itself is a major risk factor for incident type 2 diabetes. 7, 8 One study of men found that the risk of developing type 2 diabetes increases with increasing number of metabolic abnormalities, but that BP per se was not independently associated with new-onset diabetes. 7 Data in women are more limited. 8 Finding an independent association between BP or BP progression and new-onset diabetes may be important, as it could imply close surveillance of blood glucose levels in individuals with increasing BP levels. We therefore evaluated the relationship of BP and BP progression with incident type 2 diabetes in a large cohort of initially healthy women.
Methods Participants
All study subjects were participants of the Women's Health Study, a completed randomized trial evaluating the risks and benefits of low-dose aspirin and vitamin E in the primary prevention of cardiovascular disease and cancer. Details of the study design have been described previously. [9] [10] [11] Briefly, beginning in 1993, 39 876 female health professionals in the USA who were 45 years or older and free of cardiovascular disease, cancer, or other major illnesses were randomized to receive 100 mg aspirin every other day, 600 IU vitamin E every other day, both agents, or placebo. The trial initially had a betacarotene arm that was terminated early. 12 Information on baseline variables was collected using mailed questionnaires. Follow-up questionnaires asking participants about study outcomes and other information were sent every 6 months during the first year and every 12 months thereafter.
Follow-up information from randomization through the end of the trial, 31 March 2004, was used for the present analysis. As of this date, follow-up was 97.2% complete for morbidity and 99.4% for mortality. For the present analysis, the study population consisted of 38 172 women without a history of diabetes at randomization and with complete information about BP, personal history of hypertension, and antihypertensive therapy at baseline.
Study variables
BP at randomization was self-reported by the female health professionals, a group where self-report of BP has proved highly accurate. 13, 14 Women were classified into four pre-defined BP categories: below 120 mmHg for systolic and 75 mmHg for diastolic BP (subsequently called optimal BP); 120-129 mmHg for systolic or 75-84 mmHg for diastolic BP (subsequently called normal BP); 130-139 mmHg for systolic or 85-89 mmHg for diastolic BP (subsequently called high normal BP); and established hypertension. Established hypertension was defined as self-reported history of hypertension, self-report of taking antihypertensive treatment, or self-reported BP of at least 140 mmHg for systolic or 90 mmHg for diastolic BP. Women with discordant systolic and diastolic BP categories were classified into the higher category.
Covariates of interest were collected at baseline and included age, smoking, ethnicity, history of hypercholesterolaemia [selfreported cholesterol of at least 6.22 mmol/L (240 mg/dL)], body mass index (BMI) (weight in kilograms divided by the square of height in metres), family history of diabetes, exercise, alcohol consumption, and highest education level achieved. We used categorized BMI in all analyses: normal (,25 kg/m 
Ascertainment of incident type 2 diabetes
Details regarding the ascertainment of incident type 2 diabetes in the Women's Health Study have been reported previously. 15 Briefly, participants were asked annually whether and when they had been diagnosed with diabetes since randomization. Screening rates for diabetes were high, with at least 85-90% of all participants reporting a recent blood glucose screening on their annual questionnaire. Using the diagnostic criteria recommended by the American Diabetes Association, 16 all self-reported cases of type 2 diabetes required confirmation by a supplemental questionnaire, which was validated by medical record review. Only confirmed cases of incident type 2 diabetes are included in this report. We also conducted validation studies by using three complementary approaches, confirming the validity of self-reported incident type 2 diabetes. 15 
Statistical analysis
The primary outcome variable was incident type 2 diabetes during follow-up. We calculated age-adjusted incidence rates per 1000 person-years according to BP category. Subsequently, Cox proportional-hazards models were constructed to calculate the hazard ratio (HR) and 95% confidence intervals for the comparison of event rates in the four BP categories. Women with normal BP at baseline were chosen as the reference group. This allowed direct contrast between the optimal, normal, and high normal BP groups.
In a first step, the crude models were adjusted for age. Thereafter, we fitted a multivariable model adjusting for age, ethnicity, smoking, BMI category, history of hypercholesterolaemia, exercise, alcohol consumption, highest education level, family history of diabetes, and randomized treatment assignments (aspirin, vitamin E, and beta-carotene).
To address the possibility that some women had undiagnosed type 2 diabetes at randomization, we repeated all analyses after the exclusion of 242 women who either developed type 2 diabetes or died during the first 2 years of follow-up.
To further explore the independent relationship between BP and incident diabetes, we performed another series of Cox proportionalhazards models among women with no more than one out of the following three metabolic syndrome components, as defined by the Adult Treatment Panel III: BMI .26.7 kg/m 2 , high density lipoprotein (HDL) cholesterol levels ,1.29 mmol/L (50 mg/dL) or triglycerides 1.69 mmol/L (150 mg/dL). 5, 17 BMI rather than waist circumference was used as an indicator of central obesity, because waist circumference was unavailable at baseline. 17 We considered for this analysis those 26 318 women who provided a blood sample and reported BMI at baseline.
We then stratified the total sample into three groups of BMI as described earlier (normal, overweight, and obese). The same analyses described earlier were performed separately for each stratum of BMI. To further minimize the effect of obesity, we included the level of BMI in the multivariable models.
To analyse whether the effect of BP in predicting diabetes differs among the three categories of BMI, we included BP category by BMI category interaction terms into the non-stratified Cox model. The significance of the interaction term was assessed by comparing the likelihood ratio x 2 statistic with and without the interaction terms in the model.
To assess the effect of BP progression on incident diabetes, we categorized women into the following categories: women without hypertension at baseline and not progressing to a higher BP category during the first 48 months of follow-up; women without hypertension at baseline and progressing by at least one BP category, but remaining normotensive (systolic BP ,140 mmHg and diastolic BP ,90 mmHg) during the first 48 months of follow-up; women without hypertension at baseline who developed hypertension during the first 48 months of follow-up; and women with hypertension at baseline. Cox proportional hazards models were constructed to compare the crude and adjusted HRs for incident type 2 diabetes among these newly created categories. Women who developed type 2 diabetes or died during the first 48 months of follow-up were excluded from these analyses. In addition to the variables described earlier, the multivariable model was also adjusted for baseline BP category.
Categorical variables were entered in the models using binary indicator variables. Tests for trend were performed using integer scores across categories. The proportional hazards assumption was examined by including a logarithm of time by BP category interaction term in the models. 18 No violation of this assumption was detected. All analyses were carried out using SAS version 9 (SAS Institute Inc., Cary, NC, USA). A two-tailed P , 0.05 was considered to indicate statistical significance. Table 1 shows the baseline characteristics across BP categories. At randomization, 25.5% of the study participants had hypertension, 12.7% had high normal, 29.2% had normal, and 32.7% had optimal BP. Higher BP levels were associated with older age, higher BMI, and a higher prevalence of hypercholesterolaemia and parental history of diabetes. Current smoking, moderate alcohol consumption, exercise, and a higher education level were more prevalent in women with lower BP levels.
Results

Blood pressure categories and incident type 2 diabetes
During median follow-up of 10.2 years (inter-quartile range 9.6-10.6 years), 1672 out of 38 172 women developed type 2 diabetes. After 10 years of follow-up, 1.4, 2.9, 5.7, and 9.4% of women across the four baseline BP categories developed type 2 diabetes. The overall incidence rate for type 2 diabetes was 4.5 events per 1000 person-years. Age-adjusted incidence rates according to BP category are shown in Table 2 . Women with baseline hypertension had a seven-fold increased risk of developing diabetes compared with women with optimal BP.
After multivariable adjustment, these risk differences were attenuated but remained statistically significant. As shown in Table 2 , the adjusted HRs for incident type 2 diabetes across baseline BP categories were 0.66, 1.0 (reference group), 1.45, and 2.03 (P-value for trend ,0.0001). Thus, there was still a three-fold increased risk among women with hypertension compared with women with optimal BP.
As shown in Table 3 , the results were very similar when women who had an event during the first 2 years of follow-up were excluded. There was again a three-fold increased risk of developing type 2 diabetes among women with hypertension compared with those with optimal BP.
In our cohort, 17 313 women who provided a baseline blood sample had not more than one of the three metabolic syndrome components considered: BMI .26.7 kg/m 2 , HDL cholesterol ,1.29 mmol/L (50 mg/dL), or triglycerides 1.69 mmol/L (150 mg/dL). During follow-up, 222 incident events occurred. After multivariable adjustment, we found the following HRs (95% confidence intervals) across the four BP categories: 0.73 (0.49-1.10), 1 (reference group), 1.49 (0.96-2.34), 1.96 (1.37-2.81) (P-value for trend ,0.0001).
Incident type 2 diabetes stratified by body mass index
Among 37 401 women with available BMI at baseline, 51.8% had a normal BMI, 30.9% were overweight, and 17.3% were obese ( Table 4) . Although obese women had the highest absolute event rates across all BP categories, BP was a strong predictor of incident type 2 diabetes within each category of BMI. Age-adjusted incidence rates and Cox proportional hazards models demonstrated a similar rise in risk across BP categories among women with normal BMI compared with overweight and obese women (Figure 1) .
After multivariable adjustment, there was a three-fold increase in risk from the lowest to the highest category among women with normal BMI compared with a 2.5-fold increase among women with overweight or obesity. Adding BP category by BMI category interaction terms to the non-stratified Cox model had no significant effect (P ¼ 0.7), confirming a similar relative effect across BP categories within all BMI categories.
Blood pressure progression and incident type 2 diabetes
After exclusion of women with incident diabetes or death during the first 48 months of follow-up, 34 281 women had a self-reported BP measurement available at 48 months. Among these women, 1101 developed type 2 diabetes after the 48-months follow-up questionnaire.
There was a highly significant trend of increasing type 2 diabetes across the categories of BP change ( Table 5) . After multivariable adjustment, women who had an increase in BP but remaining normotensive at 48 months had an HR (95% confidence intervals) of 1.26 (0.97-1.64) compared with women who had stable or decreasing BP (P ¼ 0.08). Women progressing to hypertension had a 64% increased risk of incident diabetes and this risk more than doubled in those with baseline hypertension (Table 5 and Figure 2) . The HR of women with baseline hypertension compared with those progressing to hypertension was 1.46 (95% confidence interval 1.18-1.80).
Discussion
In the present study of initially healthy, middle-aged women, BP and BP progression were strong predictors of incident type 2 diabetes. This effect was independent of BMI and other components of the metabolic syndrome. Compared with an overall rate of 4.5 events per 1000 personyears, the age-adjusted incidence rates in the optimal BP category was 1.47 events per 1000 person-years, showing that women with optimal BP had a very low risk of developing type 2 diabetes during follow-up.
On the other hand, women with high normal BP had a much higher risk compared with women with normal BP, and the risk among those with established hypertension was substantial. After 10 years of follow-up, almost 10% of these women had type 2 diabetes (10.0 events per 1000 person-years). Interestingly, women with BP progression during the first 48 months of follow-up had a higher risk of developing type 2 diabetes compared with women without BP progression. The risk among women progressing to hypertension approached the risk of those with established hypertension.
These associations were attenuated but remained highly significant after adjustment for other variables and persisted after stratification by BMI. Although the absolute risk of Adjusted for age, ethnicity, smoking, history of hypercholesterolaemia, body mass index category, exercise, alcohol consumption, highest education level, family history of diabetes, and randomized treatment assignments (aspirin, vitamin E and beta-carotene); due to missing covariates, the multivariable (crude) analysis was based on 1406 (1501) incident events in 36 204 (37 930) women. developing type 2 diabetes was highest among overweight and obese women, we nonetheless observed a strong association between BP and incident type 2 diabetes in women with normal weight. Among women with no more than one out of three components of the metabolic syndrome excluding glucose or BP, we found the same strong trend across BP categories and very similar HR estimates compared with the entire study population. Taken together, our findings suggest that obesity or the metabolic syndrome do not explain the entire association between BP and incident diabetes.
Few studies analysed the precise relationship between BP and incident type 2 diabetes. 19, 20 Gress et al. 19 found that individuals with hypertension had a relative risk of 2.34 (95% confidence interval 2.16-2.73) of developing type 2 diabetes compared with individuals without hypertension. However, no multivariable adjustment of this association was performed in their study. Our study further expands these findings by demonstrating that the increased risk of new-onset type 2 diabetes is not confined to subjects with hypertension, and women with BP progression have an increased risk of incident type 2 diabetes.
One study in men did not find an independent relationship between BP and new-onset diabetes. 7 These differential findings may be explained by a lack of power due to the low number of events in this study (139 new cases of type 2 diabetes). Whether gender modifies this relationship deserves further study.
Endothelial dysfunction could be one of the common pathophysiological pathways explaining the strong association between BP and incident type 2 diabetes. Several studies have shown that markers of endothelial dysfunction are associated with new-onset diabetes, 21, 22 and endothelial dysfunction is closely related to BP and hypertension. 23 Markers of inflammation such as C-reactive protein have been consistently related to incident type 2 diabetes [24] [25] [26] and to increasing BP levels, 27, 28 suggesting that inflammation might be another explanatory factor for the association between BP, the metabolic syndrome, and incident type 2 diabetes. 17 Finally, insulin resistance 29 and low birth weight 30, 31 are other potential links between BP levels and the incidence of type 2 diabetes.
Strengths and limitations
Strengths of the present study are the large sample size, the prospective design, and the complete long-term follow-up with a large number of incident events. A possible limitation is the use of self-reported BP. However, the validity of this approach has been examined in the comparable Nurses' Health Study, where 99% of the women who reported high BP levels had their diagnosis confirmed based on medical record review. 13 Furthermore, the prognostic value of selfreported BP in cohort studies involving US health professionals was similar compared with directly measured BP values in participants of other cohort studies.
14 Finally, selfreported BP, total cholesterol, and BMI have previously been shown in the Women's Health Study to be strong predictor of cardiovascular risk, with relative risks consistent in magnitude with those observed in other major studies. [32] [33] [34] [35] We used BMI rather than waist circumference as an indicator of central obesity. However, previous studies showed that BMI and waist circumference have a similar ability to predict type 2 diabetes. 36 The present study included predominantly Caucasian women, and our findings may not be generalizeable to other populations. Finally, residual confounding is a concern in all epidemiological studies. Given the strength of the association and the consistent dose-response relationship, it is unlikely that more extensive adjustments would have completely eliminated the The hazard ratio for incident diabetes was adjusted for age, ethnicity, smoking, history of hypercholesterolaemia, body mass index, exercise, alcohol consumption, highest education level, family history of diabetes, and randomized treatment assignments. The normal blood pressure category was chosen as the referent. py, person-years. Figure 2 Hazard ratios for a first diagnosis of type 2 diabetes in women with no progression of blood pressure during the first 48 months of follow-up (referent), women with blood pressure progression but without developing hypertension, women with progression to hypertension, and women with hypertension at baseline (identical categories as in Table 5 ). Squares indicate hazard ratio adjusted for age at 48 months, ethnicity, baseline blood pressure category, smoking, history of hypercholesterolaemia, body mass index category, exercise, alcohol consumption, highest education level, family history of diabetes, and randomized treatment assignments. Lines represent 95% confidence intervals. No progression was defined as a BP , 140/90 mmHg at baseline and being within the same or a lower BP category during the first 48 months of follow-up; progression within normal BP was defined as BP , 140/90 mmHg at baseline and progressing by at least one BP category during the first 48 months of follow-up, but without developing hypertension; progression to hypertension was defined as BP , 140/90 mmHg at baseline and progression to hypertension during the first 48 months of follow-up; baseline hypertension was defined as previous diagnosis of hypertension, systolic BP 140 mmHg, diastolic BP 90 mmHg or receiving BP lowering therapy at baseline. Adjusted for age at 48 months, ethnicity, baseline BP category, smoking, history of hypercholesterolaemia, body mass index category, exercise, alcohol consumption, highest education level, family history of diabetes, and randomized treatment assignments (aspirin, vitamin E, and beta-carotene); due to missing covariates, the multivariable analysis was based on 1027 (1101) incident events among 32 757 (34 281) women.
significant relationship between BP and incident type 2 diabetes.
Conclusion
Our study provides strong evidence that baseline BP and BP progression are associated with an increased risk of incident type 2 diabetes. Clinicians should be aware of these relationships to optimize the management of patients at increased risk for cardiovascular disease.
